In this study the effects of operational environments (temperature, humidity, and automotive fluids) on the long-term durability of two types of glass fiber reinforced polyurethane are investigated. Variation of mass, flexural strength, and viscoelastic response are evaluated in order to observe the changes in the material. In most cases, samples reach a saturation plateau, following the Fick's law of diffusion. In gasoline and brake fluid a pseudo-saturation plateau, followed by further weight gain, is achieved. Samples in water at 70 C do not saturate even after 13 months of exposure. It is assumed that water molecules attach to the surface of the glass fibers, diffusing along the fibers. Three point bending (3PB) tests and dynamic mechanical analysis (DMA) of the virgin and saturated specimens show insignificant changes in the bending strength and glass transition temperature (Tg) for the samples in automotive fluids at room temperature. The same properties decrease linearly with increased humidity and temperature. After drying the samples, DMA scans show reversibility in the Tg and storage modulus; therefore no chemical reaction occurs in the presence of moisture/temperature. The brake fluid causes a secondary peak around 30 C-40 C, which could be due to the formation of a new phase or of a 'skin-core' structure.
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INTRODUCTION
Fiber-reinforced plastics have become very common in industry, and have found increased use in structural applications such as aerospace, construction, transportation, automotive, or sporting equipment [1] . Fiber-reinforced materials are replacing metal parts and are preferred due to their high strength to weight ratio, high stiffness, and corrosive performances. The ongoing demand in lightweight materials has encouraged the search for more competitive materials. The most used resin for the matrix of reinforced materials is epoxy, which has proved outstanding properties in the aerospace industry. Polyurethanes (PU) have excellent processability due to their low viscosity, excellent bonding to different materials, and are cost-effective. Besides, they have a fast reaction time, which can be further reduced by adding of catalysts. Many studies regarding aging of fiber reinforced plastics are available in the literature, most of them concentrating on epoxy based composites. However, very little data concerning the long-time durability of fiber-reinforced polyurethane are available, especially when exposed to operational environments or corrosive fluids. A few application examples of polyurethane in automotive industry are [2] : center console part (a 50% vol. carbon fiber composite for car interior), rear seat floor module (50% vol. fiber with a very short cure time of 2 min) or transversal leaf spring (65% weight saving vs. the steel leaf which it is replacing).
While many studies characterize and investigate the effects of environmental conditions on polyurethanes [3] [4] [5] [6] [7] , not many data are available for fiber-reinforced polyurethanes. By reinforcing the resin, the properties of the material change due to its anisotropy. Mohamed et al. manufactured and characterized a glass fiber reinforced polyurethane using vacuum assisted resin transfer molding [8] , and tested the effects of environmental aging on the composite [9] . Husic et al. produced and compared a soybean based polyurethane composite to a petrochemical one, concluding the first one shows better thermal, oxidative, and hydrolytic stability and proposed it as an alternative to the petrochemical based polyurethane composites [10] . Reis [11] [12] [13] analyzed a glass fiber reinforced PU repair system for corroded pipelines at high temperatures, and tested the effect of strain rate on the tensile behavior of the composite, and that of the displacement rate on its flexural properties. The effects of cyclic and sustained loadings, temperature extremes, and automotive fluid environments on a choppedglass-fiber urea/urethane composite were investigated by Corum et al. [14] , establishing durability-based criteria for this type of composite. In [15] , the researchers compare a glass fiber-reinforced polyurethane with a glass fiberreinforced epoxy from the point of view of the mechanical properties. The tests are done at various temperatures, from −30 C to +70 C. It is shown that while PU has better damage tolerance, epoxy presents optimized properties under elevated temperatures. At this moment, the effect of environmental degradation on fiber-reinforced polyurethane is still an open subject. Because of the opportunities offered by polyurethane based composites in wide application fields, the material deserves further investigations. This study aims to investigate the effects of long-time exposure to operational environments on such glass-fiber reinforced polyurethane.
EXPERIMENTAL
The investigated glass fiber/polyurethane composites are manufactured via resin transfer molding. After mixing the two components (Part A -Polyetherpolyol and Part B -Diphenylmethanediisocyanate), the resin is injected into the mould and cured for 2 h at 120 C. Two different systems (PU-GF1 and PU-GF2) are obtained by varying the mixing ratio of Part A and Part B components. PU-GF2 contains more Part B and is thus better cross-linked. Crosslink density was calculated from DMA measurements of unreinforced polyurethane using the theory of rubber elasticity [16, 17] , according to Eq. 1:
where E 0 is the storage modulus in the rubbery plateau region (Tg + 30 C), ϑ e the cross-link density, R the gas constant (8.314 J/[KÁmol]) and T the absolute temperature in K. The calculated crosslink densities are 1230 mol/m 3 for PU1 and 1440 mol/m 3 for PU2, proving that PU2 resin exhibits a higher crosslink density than PU1. The resulted composites have a fiber weight ratio of 80% AE 2% (determined by thermogravimetric analysis (TGA), see section Thermogravimetric Analysis) and volume fraction of 60%. The laminates are cut into three dimensions, chosen in order to calculate the moisture diffusion coefficients and as required by future flexural and dynamic mechanical analysis (DMA) tests: 3PB-100 × 15 × 3 mm 3 , DMA-60 × 8 × 3 mm 3 , and small squares-20 × 20 × 3 mm 3 . Samples are cut with a diamond saw and polished with water-cooled sandpaper. The unidirectional specimens are cut in fiber direction, so that the properties of the fibers dominate the behavior of the samples. The variation of mass was measured by weighing the samples before and after the exposure to different conditions. The weighing took place every day for the first 7 days, and every 7 days afterwards. The procedure was repeated until saturation was reached. The residual liquid trapped on the surface is wiped away prior to weighing. The weight gain/loss M t was calculated using Eq. 2:
where w t and w 0 = sample weights at time t and initial state, respectively. Saturation is reached when the absorption M t measured between 3 days is less than 0.008% and between 2 days less than 0.005%, according to ASTM D5229. The mass variation is represented by the mean values and the standard deviation of the samples. The first column in Table 1 lists all the exposure conditions. In order to obtain the 85% relative humidity (RH)/condition, a saturated solution of potassium chloride is placed in desiccators at room temperature (RT) and 40 C, respectively. A humidity chamber is used to obtain the 85%RH/70 C condition. For the high temperature condition, samples are placed in an oven (dry environment) at 100 C. For all the other conditions, samples were fully immersed in water/liquids at the corresponding temperatures. TGA tests were performed on a TGA 2050 (TA Instruments New Castle, DE, USA) in order to determine the fiber weight ratio of the composite. Small samples of 10 mg were heated from RT to 800 C at a heating rate of 10 K/min in air and nitrogen. The fiber volume fraction is determined according to: 
where w f and w m = weight of fiber and matrix; ρ f and ρ m = density of fiber and matrix. DMA tests were performed on a DMA 2980 (TA Instruments, USA) under a constant frequency of 1.0 Hz, within the temperature range of −40 C to 180 C, with a heating rate of 2 K/min. For virgin and exposed specimens the storage modulus (E 0 ), loss modulus (E 00 ) and tanδ were determined as a function of temperature. The glass transition temperature (Tg) was determined as the maximum of the tanδ peak.
In order to study the flexural properties of the virgin and saturated samples, three-point bending tests were carried on the Universal Materials Testing Maschine (Zwick Roell, Ulm, Germany) at a speed of 2 mm/min and a support span of 70 mm.
Light microscopy samples were embedded in a Struers LevoFast ® melamine resin, being initially rough ground to a flat surface using SiC-Paper, and then subsequently polished up to 1 μm at a Struers Tegra Doser-5 automatic polisher. Optical micrographs were done on a Zeiss Axioplan microscope, while image capture and analysis were performed on the AxioVision software.
Images of fractured surfaces were taken for virgin and exposed specimens after completion of the three point bending tests. The samples were sputtered with gold in vacuum prior to the SEM characterization, in order to increase the electrical conductivity. The device used was a Philips XL30 (FEI Philips, USA).
RESULTS AND DISCUSSION

Mass Variation
The predominant mechanism for GFRP for the penetration of fluids is through the resin by a diffusional process, while the fibers do not absorb anything [18, 19] . The diffusion process is governed by Fick's second law, given by the equation [20] [21] [22] :
where c = the moisture concentration; t = the time; x = the space coordinate parallel to the diffusion; D = the moisture diffusion coefficient. Integrating Eq. 4 the moisture absorption content M t can be expressed as a function of time as follows [20] :
where M ∞ = the equilibrium content of absorption. Once the saturation plateau is achieved, M ∞ is determined and the diffusion coefficient D can be calculated using Eq. 6:
where M 1 and M 2 = the moisture contents at times t 1 and t 2 in the gravimetric curve; h = the sample thickness. However, above calculations are based on the hypothesis that the plates are infinite in the plane direction. Since such 'infinite' samples cannot be stored and tested, a method for the three-dimensional diffusion process can be used [22] . Assuming that the moisture absorption is the sum of the amount of moisture absorbed through the six surfaces independently, M t can be written as [20] :
As c ∞ = m ∞ Llh [10] , the diffusion coefficient D for the three dimensional diffusion is defined as:
where D 1 , D 2 , and D 3 = the diffusion coefficients along the length, width and thickness. Table 1 lists the equilibrium absorption content M ∞ for both resin systems. The diffusion coefficient D using Eq. 6 and the three-dimensional diffusion coefficients D 1 , D 2 , and D 3 using Eq. 8 are listed in Table 2 , for samples with a significant absorption content (>0.2%), which follow a Fickian behavior. Figure 1 shows the weight gain of DMA specimens in automotive fluids (a,b) and temperature/humidity (c,d), while the weight gain in the first 2 weeks is shown at a bigger scale. In brake fluid and gasoline, a deviation from Fickian behavior is observed, evidenced for PU-GF1 samples. After reaching a pseudoplateau at 0.21% (brake fluid), and 0.07% (gasoline), a further increase occurs. This increase, although slow, is identified even after 3 months of exposure. The second part of the absorption curve, or the non-Fickian part, could be attributed to chemical interactions between the liquids and resin, generation of swelling stresses, cracking, or deterioration of the fiber/matrix interface [23] . In most cases the diffusion curves increase abruptly in the first 7 days, and then slowly increase toward a saturation level, similar to Fick's law of diffusion. PU-GF1 and PU-GF2 specimens present similar absorption contents, whereas PU-GF2 shows slightly lower values due to a better cross-linking. In all cases, the biggest samples (3PB) absorb liquid slower, as reflected by the absorption coefficient D in Table 2 . All geometries reach the same equilibrium content M ∞. It is obvious that the geometry influences the absorption rate and not the saturation value. Polyurethane is known to be very resistant to oil, which is reflected in the very low, almost insignificant values for the absorption of motor and transmission oil. The brake fluid absorption is about six times higher for PU-GF1 than for PU-GF2 specimens. The water/moisture absorption content is the same for both resin system, therefore the cross-linking does not influence the moisture absorption. No voids were detected during the microscopic examinations of virgin samples (Fig. 2) , thus the possibility of liquid/water absorption by microscopic voids is excluded. Diffusion is a thermally activated process, being strongly influenced by temperature [24] . For temperatures up to 40 C the weight uptake increases with increasing humidity and temperature, reaching saturation values of up to 0.40% ( Fig. 1c and d) . The specimens saturate after 150-days exposure. It is expected that an increased temperature accelerates the penetration of humidity into the composite. The water diffusion is controlled by the activity of water molecules, which is affected by the temperature, and an increase in temperature also affects the saturation plateau [25] . Studies [25, 26] showed that increasing the temperature increases the final moisture content M ∞ and the diffusion coefficient, but decreases the time needed for saturation. In our case, samples at higher temperature (40 C and 70 C) need a much longer time for saturation. Moreover, specimens in water at 70 C do not reach a saturation plateau even after 390 days of exposure, and deviate from a typical Fickian behavior. Such an increase, already observed in the literature, indicates degradation within the polymer matrix. It is attributed to several phenomena, such as creation of holes due to osmotic cracking phenomena [27, 28] , or chemical interaction of the water molecules with the polymer (hydrolysis) [23] . However, polyetherpolyols are not prone to degradation by hydrolysis in the considered time range of 1 year, so the latter assumption is excluded. The increase could be due to water absorption by the matrix, or due to attachment of water molecules on the surface of glass fibers, in this case water diffusing along the fibers [19] . Berketis et al. [29] immersed a glass-fiber isophthalic polyester in a water bath at 65 C and observed a two-stage behavior, where the initial diffusion is followed by weight reduction. A weight loss would indicate that the composite has experienced a chemical degradation such as leaching out of small molecule components, hydrolysis of the matrix or oxidation [24] . In these cases the water diffusion was modeled by the Langmuir type model first described by Carter and Kibler [30] , or with moving boundaries type model [31] . The weight gain of specimens in water at 70 C at the time of this writing is of 2.21% for PU-G1 and 1.85% for PU-GF2, respectively. Due to the anisotropy of the material, the diffusion coefficients in x direction (D 1 ) are generally higher than the ones in y (D 2 ) and z (D 3 ) directions ( Table 2 ). The liquid/moisture is inclined to diffuse along the fibers. This was reported by others as well [32, 33] .
Thermogravimetric Analysis Figure 3 shows typical TGA scans for both resin systems. The resin decomposition starts at 210 C for PU-GF1 and 250 C for PU-GF2, respectively, and the glass fibers reach a constant residual weight above 620 C. Based on Eq. 3, the fiber volume is of approx. 60% for both resins. The difference between residual weights of both composites reflects the standard deviation.
Dynamic Mechanical Analysis
For specimens exposed to automotive fluids, the variation of Tg is within the scatter band ( Fig. 4a ). Figure 4b presents the variation of Tg at constant humidity values and different temperatures. For certain humidity content, raising the temperature translates into a decrease in Tg. Plasticization, induced by the hydrothermal effect, degrades the glass transition temperature, as well the strength and stiffness of the composite. It can be either reversible or irreversible [34] . The reversibility was tested by exposing the samples to 100 C in a dry environment. DMA scans show that both the Tg and the storage moduli return to the initial values for all conditions. We can conclude that the 2.5 months exposure to automotive fluids at RT did not induce any chemical degradation. The increase in Tg for the samples exposed to 100 C (Fig. 4b) can be attributed to post-curing effects. For both composites, the Tg is the same after 4 weeks and 12 weeks of exposure to 100 C. This is due to the mass stabilization after 4 weeks. The highest decrease in weight is registered in the first day, and can be attributed to leaching out of uncured resin. After the first day, the weight decreases slowly, and stabilizes after 3-4 weeks exposure, meaning post-curing was fully achieved. Visual inspection shows a change in color from light green to dark yellow, also a sign of further cross-linking [35] .
DMA scans of the virgin and saturated samples show a slight increase in the storage moduli around 100 C for PU-GF1 and 125 C for PU-GF2 (in the range of Tg of the composite) ( Fig. 5 ). This same was identified by others [34] . They attributed the slight increase in E 0 to the stiffening and post-curing effect by several acting mechanisms. The effect of the operational environments was not severe enough to break the chemical bonds of the polymer, but they contribute to the creation of free radicals to the molecules of the resin and therefore to a further cross-linking.
The increase in E 0 is found in both resin systems, both for the temperature/humidity condition, and for the samples fully immersed in automotive fluids.
At RT, exposing the composite to humidity causes a bigger decrease in Tg than when immersing it in salt water (Fig. 4b ). Mouzakis et al. [34] attribute this behavior to a higher mobility of water molecules when in gaseous state, while addition of salt to the aging solution results in lower water mobility. For conditions at 85% RH the tanδ peak increases and broadens when exposed to RT and 40 C (which can be attributed to plasticization), and decreases at 70 C (indicating diminished chain mobility) [36] (Fig. 6) . The decreased Tg values are due to moisture absorption by the resin. In this case, a plasticization of the resin occurs, which would cause the matrix molecular chains to expand, and the distance between molecules to increase. Other cause for lowered Tg could be oxidation of the matrix and cracking of the interface caused by absorbed moisture [37] .
For the PU-GF1 samples immersed in brake fluid a secondary tanδ peak occurs, which triggers a sudden fall of the storage modulus (Fig. 7) . The assumption is that this secondary peak is to be found only in the samples immersed in brake fluid and that it depends on the amount of fluid absorbed. PU-GF2 does not present such a peak, but only because the equilibrium absorption content M ∞ is very low (0.05% compared to 0.3% for PU-GF1). The Tg of the composite (Tg1) remains unchanged. The presence of the secondary peak is not yet fully understood. Pei et al. identified also such a peak for an epoxy system exposed to temperatures over 150 C and assumed three possible scenarios, concluding the phenomena takes place because of a 'skin-core' structure that forms at different degrees of oxidation [38] . The same 'skin-core' structure was assumed by Yang et al. who proved it by polishing the samples up to 100 μm, until the peak vanished [39] . To verify this assumption, the exterior layers (0.1 mm) were removed by polishing. As seen in DMA tests (Fig. 7) , the secondary tanδ peak vanishes. This phenomenon will be investigated in detail in a further study through exposure to elevated temperatures. FIG. 6. Tan delta vs. temperature for PU-GF1 samples exposed to humidity/temperature.
Flexural Property Analysis
Flexural tests of the saturated specimens were performed at ambient temperature. Figure 8 shows the stress-strain curves of virgin and saturated specimens. The fracture mechanism of the virgin samples is brittle fracture in the cross-section area, and for all the exposed samples the same fracture mechanism is observed. The stress-strain curves follow a similar pattern: linear-elastic behavior in the beginning, followed by a nonlinear increase and an abrupt decline after the peak is reached. Table 3 presents the average values of the flexural strength, modulus of elasticity and strain at break of the saturated samples, for both resin systems. The average values of the mechanical properties in Table 3 are followed by large standard deviations. For the specimens immersed in fluids, the properties are unchanged, although a slight increase can be observed for both resins, due to post-curing effects. Therefore no strong evidence in the changes of the saturated samples can be derived and it can be concluded that mechanical properties are slightly affected by immersion in automotive fluids. When exposed to moisture and higher temperatures, it can be observed that an increase in temperature slightly lowers the values of mechanical properties. For samples at 85% RH or those fully immersed in water, an increase in temperature 
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PU-GF1
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brings a slight decrease in the mechanical properties. A small decrease of the ultimate strain (below 3%) is observed for samples at 85% RH/70 C, while all other values are above the measured reference value of 3%. The ultimate strength for specimens exposed to water at 40 C decreases by 10% for both PU-GF1 and PU-GF2 specimens. Three point bending tests of unexposed specimens at higher test temperatures (25 C, 50 C, 70 C, 90 C, 100 C) show strong variations of the modulus of elasticity and ultimate stress ( Table 4) . A correlation between ultimate strength σ and temperature T can be given by Eq. 9:
Plotting the ultimate strength vs. temperature ( Fig. 9 ), the following values for α and β are obtained: α = 1.006e11 MPa and β = −3.169 for PU-GF1 and α = 8.437e8 MPa and β = −2.312 for PU-GF2. Figure 9 shows the variation of the ultimate strength as a function of temperature, as well the R-square value (showing how well the curve fits the data points). Figure 10 shows the influence of testing temperature on PU-GF2 specimens. Exposing the samples to 100 C in a dry environment has post-curing effects. Flexural tests performed at room temperature show no change in properties between the unexposed specimens and the ones exposed to 100 C. Testing unexposed specimens at 100 C (approximately 25 C below the Tg) substantially reduces the mechanical properties ( Fig. 10 , Table 4 ). A slight drop in the applied load, followed by its further increase, is identified in specimens tested at higher temperature (Fig. 10 ). This is due to formation of microcracks in the composite, or delamination. However, this drop in load was not taken into consideration when evaluating the results.
Microscopy SEM images of the virgin fractured specimens tested at RT were taken in order to investigate the failure mechanisms involved. Figure 11 shows a strong bond at the interface between matrix and fibers. Although the resin presents microcracks due to fracture (Fig. 11a) , the interface between matrix and fiber is intact. The main failure mechanisms are fiber pullout ( Fig. 11b ) and fiber rupture under the applied load. For PU-GF1 specimens exposed to break fluid a volumetric expansion was registered. In average, the depth and width expanded from 7.76 mm × 2.96 mm to 7.79 mm × 2.99 mm, while the dimensions of PU-GF2 specimens remained unchanged. This is reflected also in the moisture absorption content of 0.3% for PU-GF1 vs. 0.05% for PU-GF2. However, light microscopy pictures before flexural tests show an intact fiber/matrix interface and no microcracks induced by the absorbed liquid (Fig 12a) . SEM scans of fractured specimens show a deteriorated fiber/ matrix interface (Fig. 13a) , and fiber pullouts and microcracks on the resin surface ( Fig. 13b ). All these defects are due to the swelling of the specimen. PU-GF2 specimens present, despite small microcracks on the resin surface due to fracture, a good bonding of fibers and matrix (Fig. 13c ). Saturated specimens at 85% RH/70 C present a good bonding between matrix and fibers (Fig 12b and c, Fig. 14) . Layers debonding (marked through white arrows) are due to the combined effect of moisture absorption (0.3% for both specimens) and fracture. However, SEM images show that no further, significant degradation mechanisms were induced by exposure to the environmental conditions.
SUMMARY AND CONCLUSIONS
The aim of this research was to investigate the effects of long-time exposure to environmental conditions and automotive fluids on glass-fiber reinforced polyurethane. Two resin systems were analyzed, whereas PU-GF2 is seen as an improvement to PU-GF1 due to a higher crosslink density. Specimens were exposed to different conditions and exposure times, and compared to unconditioned specimens.
• Liquid absorption in automotive fluids at room temperature was below 0.3%. The low values for the absorption are due to the high fiber content (60% vol. fiber) which acts as a barrier. For specimens exposed to humidity/temperature, the weight gain increased linearly with increasing humidity and temperature values. In brake fluid and gasoline, a pseudo-saturation plateau is reached, followed by a further increase. In water at 70 C, samples do not saturate, probably due to further absorption by the matrix or to attachment of water molecules on the glass fibers. For the other conditions, diffusion follows a Fickian absorption process, where the samples reach a saturation plateau. The weight loss for samples at 100 C (dry environment) is due to post-curing effects and thus further cross-linking. • Tg is within the scatter band for specimens saturated in automotive fluids, but decreases with increased humidity and temperature. The Tg was reversed in all cases after drying the samples. Therefore no chemical degradation occurred. • A secondary peak appears for PU-GF1 samples saturated in brake fluid. This is thought to depend on the content of fluid absorbed. At the moment this behavior is not fully understood and will be the subject of a future study. • Modulus of Elasticity, strength and strain at break do not present significant changes. Variation of all values is within the scatter band, except for the specimens in water at 70 C. Here, the storage modulus determined by DMA decreases by 13% and 15% for PU-GF1 and PU-GF2 samples, respectively. It has to be noted that the samples were not fully saturated at the time of the tests. • Test temperature is the most influencing factor for the failure of the specimens. At 100 C test temperature, the ultimate strength decreases by 50% and 37% for PU-GF1 and PU-GF2 samples, respectively, when compared to tests at RT. • SEM scans show that the governing mechanisms for failure are fiber pullout and delamination. Fluid or moisture absorption does not affect the matrix/fiber interface. Only PU-GF1 specimens exposed to brake fluid at room temperature present a slightly deteriorated interface after flexural tests. This behavior is due to the volumetric expansion as a result of liquid absorption. However, exposure in brake fluid at RT is not strong enough to chemically degrade the material. By drying the sample, the values of the properties are reversed.
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